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gens,	Lactococcus lactis and Pseudomonas entomophila,	we	tested	whether	previ-
ous	exposure	results	in	resistance	or	tolerance	and	whether	it	modifies	immune	










second	 infection	 independent	of	genotype	and	had	no	effect	on	 immune	gene	
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1  | INTRODUC TION
Pathogens	are	ubiquitous	and	represent	a	driving	evolutionary	force,	
in	 response	 to	which	 hosts	 have	 evolved	 defence	 strategies	 such	
as	 resistance	 and	 tolerance	 (Råberg,	 Graham,	 &	 Read,	 2009;	 Roy	
&	Kirchner,	2000).	 If	a	pathogen	successfully	circumvents	a	host's	









and	 innate,	 in	 that	 their	expression	 is	 shaped	by	a	 combination	of	
the	external	host	environment,	host	genetic	factors	and	the	patho-
gen	 itself	 (Ayres	&	 Schneider,	 2008;	Graham	 et	al.,	 2011;	Howick	















1972;	Moret	&	Siva-	Jothy,	2003)	 to	highly	 specific	 responses	 that	
differentiate	 at	 the	 level	 of	 bacterial	 strain	 (Futo,	 Sell,	 Kutzer,	 &	
Kurtz,	2017;	Roth	et	al.,	2009).	Drosophila melanogaster,	 the	model	




priming.	 Some	 studies	 have	 found	 no	 support	 (González-	Tokman,	
González-	Santoyo,	Lanz-	Mendoza,	&	Córdoba	Aguilar,	2010;	Reber	
&	 Chapuisat,	 2012),	 while	 others	 found	 protection	 with	 specific	
pathogens	(Roth	et	al.,	2009).
Many	 empirical	 priming	 studies	 use	 survival	 readouts	 as	 evi-
dence	for	 increased	protection.	Of	37	insect	and	crustacean	prim-



















we	 might	 expect	 that	 increased	 survival	 after	 previous	 exposure	








We	 and	 others	 have	 demonstrated	 that	 the	 expression	 of	
host	 defence	 strategies	 is	 context-	dependent	 (reviewed	 in	Kutzer	
&	Armitage,	 2016a).	 That	 is,	 resistance	 and	 tolerance	will	 vary	 as	
a	 function	of	host	environmental	 fluctuations,	host	genotype	and	










resistance	during	 the	early	 stage	of	 infection	 in	 this	host–pathogen	system	and	
that	infection	persistence	may	be	bacterium-specific.
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we	endeavoured	to	take	a	multi-	angled	perspective	on	the	effects	
of	previous	pathogen	exposure,	addressing	how	it	modulates	acute-	
phase	 post-	challenge	 resistance,	 fecundity	 tolerance	 and	 immune	




exposure	will	 increase	 resistance	 (lower	 bacteria	 load)	 after	 chal-
lenge	compared	to	unprimed	individuals;	(b)	given	life-	history	trade-	
offs,	 if	 priming	 is	 costly,	 increased	 resistance	may	 come	at	 a	 cost	










are	more	 likely	 to	 become	 primed	 than	 others	 (Khan,	 Prakash,	 &	
Agashe,	2016;	Portela	et	al.,	2013),	we	predicted	that	the	responses	
in	the	aforementioned	predictions	(a–e)	may	show	genetic	variation.
2  | MATERIAL S AND METHODS
2.1 | Drosophila melanogaster culture conditions
In	experiment	1,	we	used	four	fly	 lines	(RAL350,	RAL367,	RAL379	
and	 RAL765)	 from	 the	 D. melanogaster	 genetic	 reference	 panel	



















collection	 cages	 to	 generate	 the	 F1	 generation	 for	 each	 replicate.	
We	collected	300–400	larvae	for	each	genotype	for	both	the	F1	and	
F2	generations	per	 replicate	 following	Kutzer	et	al.	 (2018a).	When	




constant	 larval	 density,	 but	 not	 their	 parents.	We	 collected	1,100	
larvae	per	replicate	for	each	genotype.	Once	the	adults	had	eclosed,	
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2.3 | Preparation of bacteria for heat killing and 
primary injections
We	 used	 Lactococcus lactis,	 a	 Gram-	positive	 bacterium,	 and	
Pseudomonas entomophila,	a	Gram-	negative	bacterium.	These	spe-
cies	 can	 be	 considered	 as	 opportunistic	 pathogens.	 The	 L. lactis 
strain	 was	 isolated	 from	 a	 wild-	caught	 D. melanogaster	 in	 State	
College,	Pennsylvania	(Lazzaro,	2002),	and	the	P. entomophila strain 
was	 isolated	 from	 a	 wild-	caught	 D. melanogaster	 in	 Guadeloupe	
(Vodovar	 et	al.,	 2005).	 Both	 bacteria	 have	 different	 pathogenici-
ties. P. entomophila	causes	earlier	host	death	when	injected	at	the	





Lemaitre,	 2012)	 and	 then	 incubated	 the	plates	 for	 approximately	
24	hrs	at	30°C.	We	inoculated	100	ml	of	sterile	LB	with	four	clones	
of	each	bacteria	species	into	500-	ml	Erlenmeyer	flasks	and	left	the	
bacteria	 to	 grow	overnight	 at	 30°C,	 at	 200	rpm.	The	next	morn-
ing,	we	centrifuged	the	cultures	at	2,880	rcf	at	4°C	for	15	min	and	
then	 removed	 the	 supernatant.	 The	 bacteria	were	washed	 twice	







When	 the	 virgin	 females	were	 approximately	 4	days	 old,	 they	
were	anaesthetized	in	groups	of	10	with	light	CO2	in	the	early	after-
noon	and	then	injected	on	the	right	 lateral	side	of	the	thorax	with	
18.4	nl	 of	 either	 heat-	killed	 P. entomophila,	 heat-	killed	 L. lactis, or 
sterile	Ringer's	solution	(R)	that	had	been	frozen	at	−80°C,	using	a	







unaffected	 by	 primary	 exposure	 treatment,	 but	 was	 affected	 by	
genotype	in	experiment	1	(GLMM,	χ2 = 25.21,	p < 0.0001;	RAL350:	
88.4%	survived,	n = 599,	RAL367:	94.2%,	n = 583,	RAL379:	95.6%,	













2.5 | Bacterial preparation and challenge injections
Seven	days	after	primary	exposure,	L. lactis and P. entomophila were 
prepared	 for	 infections	 with	 live	 bacteria	 (“challenge”	 injections)	
following	Kutzer	and	Armitage	 (2016b),	with	the	modification	that	
females	 were	 injected	 in	 the	 lateral	 left	 side	 of	 the	 thorax.	 Each	
female	 was	 injected	 with	 either	 18.4	nl	 of	 Ringer's	 solution,	 live	
L. lactis	(approximately	1,840	bacteria	per	fly)	or	live	P. entomophila 
(approximately	92	bacteria	per	 fly).	This	 resulted	 in	 seven	primary	
exposure-	challenge	 combinations	 (Figure	1a):	 Ringer's–Ringer's	
(R−R),	Ringer's–live	L. lactis	(R−L),	Ringer's–live	P. entomophila	(R−P),	
heat-	killed	L. lactis–Ringer's	(L−R),	heat-	killed	P. entomophila–Ringer's	
(P−R),	 heat-	killed	 L. lactis–live L. lactis	 (L−L)	 and	 heat-	killed	P. ento-
mophila–live P. entomophila	 (P−P).	 Females	were	 returned	 to	 25°C	
and	70%	 relative	humidity	 after	 injection.	We	diluted	 the	 leftover	








2.6.1 | Fecundity measure and fecundity tolerance
For	 a	 graphical	 overview,	 see	 Figure	1b.	 Pre-	challenge	 fecundity	
was	measured	as	 the	 total	number	of	adult	offspring	produced	by	










tween	fly	fecundity	and	 individual-	level	bacterial	 load	 (see	below).	
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2.6.3 | RNA extraction and RT- qPCR one DPC
To	 test	 whether	 previous	 exposure	 affected	 the	 strength	 of	 the	
immune	 response	 post-	challenge,	 for	 treatments	 involving	 L. lactis 






ceptor,	Down syndrome cell adhesion molecule 1	 (Dscam1)	 (Watson	
et	al.,	2005).	A	subset	of	flies	from	replicates	5	and	6	were	individu-
ally	placed	into	1.5-	ml	microcentrifuge	tubes	and	frozen	in	liquid	ni-
trogen	and	 stored	at	−80°C	 for	 gene	expression	 analyses,	 instead	
of	being	homogenized	 to	assay	bacterial	 load.	We	 froze	 flies	 from	
all	four	genotypes	and	the	following	treatments:	L−L,	L−R,	R−L,	and	
R−R.	RNA	extraction,	DNase	 treatment,	 reverse	 transcription	 and	
qPCRs	 were	 performed	 as	 described	 in	 Supporting	 Information	
Appendix	S1.
2.7 | Experiment 2
2.7.1 | Survival and bacterial load assay 28 DPC
For	 a	 graphical	 overview,	 see	 Figure	1c.	 After	 challenge,	 fe-
males	were	kept	 at	25°C	and	70%	 relative	humidity,	 and	placed	
into	 fresh	 food	 vials	 every	 7	days.	 Fly	 survival	 was	 censused	
daily	 until	 28	DPC.	We	 assayed	 bacterial	 load	 at	 28	DPC	 using	
the	same	methods	as	described	for	one	DPC,	except	that	we	also	
homogenized	Ringer's-	challenged	 flies.	 Fly	mortality	meant	 that	







Statistical	 analyses	 were	 performed	 in	 R	 version	 3.3.3	 (R	 Core	
Team,	2016).	For	all	models,	see	Supporting	Information	Appendix	
S1.	We	used	experimental	replicate	and	block	nested	within	rep-
licate	 as	 random	 effects	 (random	 intercept)	 and	 fly	 identity	 to	
control	for	overdispersion	where	necessary	to	control	for	variance	




3.1 | Experiment 1: Survival and resistance one DPC
Survival	 in	 the	 challenge	 controls	 one	 DPC	 was	 high	 and	 unaf-
fected	 by	 genotype	 or	 previous	 pathogen	 exposure	 (Supporting	
Information	 Figure	 S1A).	 Previous	 exposure	 to	 heat-	killed	 L. lactis 
had	no	effect	on	 survival	 after	 challenge	with	L. lactis	 (Supporting	
Information	Table	S2)	but	survival	differed	among	genotypes	in	the	
L. lactis-	challenged	groups	(Supporting	Information	Table	S2;	Figure	




resistance	 in	 flies	 that	 had	 been	 challenged	with	 L. lactis	 (Table	1;	
Figure	2a).	 However,	 a	 primary	 injection	 with	 heat-	killed	 P. ento-
mophila	 decreased	 resistance	 (increased	 bacteria	 load)	 after	 live	




3.2 | Experiment 1: Fecundity and fecundity 
tolerance one DPC
Post-	challenge	fecundity	differed	among	genotypes	and	was	cor-
related	 with	 pre-	challenge	 fecundity	 (Supporting	 Information	
Table	 S3).	 However,	 post-	challenge	 fecundity	 was	 unaffected	
by	 challenge	 or	 primary	 injection	 with	 either	 L. lactis or P. en-
tomophila	 (Supporting	 Information	 Table	 S3;	 Figure	 S3A–C).	
Previous	 exposure	 did	 not	 affect	 fecundity	 tolerance	 towards	
L. lactis or P. entomophila	 (Table	2,	 lack	 of	 significant	 interac-
tions	between	CFU	×	Priming;	Supporting	Information	Figure	S4).	
However,	 genotypes	differed	 in	 their	 tolerance	 towards	L. lactis 
and P. entomophila	 challenge	 (significant	 interactions	 between	
CFU	×	Genotype	 in	 Table	2);	 for	 example,	 in	 response	 to	 both	
bacterial	 infections	 RAL765	 showed	 a	 reduction	 in	 offspring	
production	with	an	increase	in	bacterial	load	(negative	tolerance	
slope),	 contrasting	 with	 RAL367,	 which	 had	 positive	 tolerance	
slopes	(Figure	3).	Fecundity	was	positively	correlated	across	bac-
teria	species	(Supporting	Information	Figure	S2B),	which	might	be	
expected	 given	 that	 bacterial	 infection	 did	 not	 affect	 fecundity	
in	either	case,	but	there	was	no	significant	relationship	between	
fecundity	and	L. lactis	load	(Supporting	Information		Figure	S2C),	
or	 between	 tolerance	 towards	 the	 two	 pathogens	 (Supporting	
Information		Figure	S2D).
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3.3 | Experiment 1: Gene expression in  
L. lactis- injected flies one DPC
None	of	the	genes	varied	their	expression	according	to	previous	path-
ogen	exposure,	but	all	 three	genes	were	significantly	up-	regulated	
in	 response	 to	 a	 live	 bacterial	 challenge	 and	 varied	 according	 to	
genotype	(Table	3,	Figure	4a–c).	Challenge	affected	Drosomycin and 
Metchnikowin	 expression	 in	 a	 genotype-	dependent	 way	 (Table	3),	
where	 RAL350	 had	 a	 stronger	 increase	 in	 expression	 after	 infec-
tion	compared	to	the	other	three	genotypes.	Dscam1	expression	did	
not	 correlate	with	 the	 expression	 of	 either	Drs	 (χ2	=	0.494,	df = 1,	
p = 0.482;	Figure	4d)	or	Mtk	(χ2 = 0.646,	df = 1,	p = 0.422;	Figure	4e),	
but	 there	was	a	 strong	positive	 relationship	between	Drs and Mtk 
expression	 (χ2 = 1,097.3,	df = 1,	p < 0.0001;	 Figure	4f).	 There	were	
no	significant	correlations	between	mean	or	median	gene	expression	
and	bacterial	load	(Supporting	Information	Figure	S5).
3.4 | Experiment 2: Survival and resistance 28 DPC
Genotype	was	the	only	factor	to	significantly	affect	survival	over	the	
















Our	 goal	was	 to	 provide	 a	multi-	angled	 perspective	 on	 acute	 and	
chronic	 effects	 of	 previous	 pathogen	 exposure	 on	 resistance	 and	
tolerance.	Contrary	 to	our	expectations,	 individuals	previously	ex-
posed	to	P. entomophila	tended	to	have	higher	bacterial	 loads	than	
previously	 non-	exposed	 individuals	 regardless	 of	 genotype,	 sug-
gesting	 that	 a	 primary	 injection	 with	 P. entomophila may later be 
costly.	Fecundity	tolerance	was	not	affected	by	previous	pathogen	
experience,	 but	 varied	by	 genotype	 in	 response	 to	 challenge	with	
TABLE  1 The	effect	of	genotype	and	primary	exposure	treatment	on	the	response	variable	bacterial	load	one	day	post-challenge	(DPC)
Tested effect
Model 2a: L. lactis Model 2b: P. entomophila
F df Resid. df p F df Resid. df p
Genotype 1.65 3 239.26 0.18 19.39 3 187.02 <0.0001
Primary 0.05 1 240.67 0.83 10.87 1 184.78 0.001
Genotype	×	Primary 2.29 3 239.37 0.08 0.51 3 187.52 0.68






















4.1 | Previous pathogen exposure can decrease 
infection resistance
Previous	 pathogen	 exposure	 is	 predicted	 to	 confer	 resistance	 to	
















4.2 | Post- challenge fecundity is genetically variable 
but is not influenced by primary exposure or challenge
Immune	 defences	 are	 costly	 and	 are	 assumed	 to	 be	 traded	 off	
against	 other	 life-	history	 traits	 such	 as	 reproduction.	 Likewise,	
immune	priming	could	be	costly,	 so	 that	greater	protection	may	
come	with	 greater	 costs	 to	 host	 fecundity.	Despite	 these	 theo-
retical	predictions,	we	observed	no	effect	of	previous	exposure	
or	 challenge	 on	 fecundity;	 instead,	 it	 varied	 with	 genotype	 re-
gardless	of	previous	exposure	or	challenge.	At	 least	one	empiri-
cal	 study	 has	 examined	 the	 costs	 of	 within-	generation	 immune	
priming	(Contreras-	Garduño	et	al.,	2014).	Although	there	was	no	
difference	in	the	number	of	eggs	that	Plasmodium berghei-primed	
and Plasmodium berghei-	non-	primed	mosquitoes	 laid,	 eggs	 from	
primed	 females	had	 lower	hatching	 rates,	 indicating	a	 reproduc-
tive	 cost	 to	 previous	 pathogen	 exposure	 (Contreras-	Garduño	
et	al.,	2014).
Tested effect
Model 4a: L. lactis Model 4b: P. entomophila
χ2 df p χ2 df p
CFU 0.41 1 0.52 0.39 1 0.53
Genotype 41.54 3 <0.0001 22.78 3 <0.0001
Primary 0.07 1 0.78 0.0009 1 0.98
CFU	×	Genotype 8.85 3 0.03 9.75 3 0.02
CFU	×	Primary 0.26 1 0.61 2.88 1 0.09
Genotype	×	Primary 2.73 3 0.43 1.11 3 0.77
CFU	×	Genotype	×	Primary 3.33 3 0.34 4.71 3 0.19
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remained	relatively	stable	across	treatment	groups,	we	predicted	a	
positive	effect	of	primary	exposure	on	tolerance,	that	is	evidence	
for	 tolerance-	mediated	 immune	 priming	 (e.g.,	 Tate,	 2017)	 as	 re-
cently	observed	for	survival	tolerance	after	oral	priming	and	septic	
challenge	with	Drosophila	C	virus	(Mondotte	et	al.,	2018).	However,	
we	 observed	 no	 such	 effect	 (Supporting	 Information	 Figure	 S4);	
rather,	 tolerance	 was	 determined	 by	 genotype,	 indicated	 by	 the	
significant	 interaction	 between	 bacterial	 load	 and	 genotype	 in	
response	 to	 infection	 with	 both	 bacteria	 species,	 and	 was	 likely	






tion.	Genetic	 variation	 for	 tolerance	 is	well	 established	 in	 animal	










In	 the	 snail	Biomphalaria glabrata,	 antimicrobial	 peptides	were	 sig-
nificantly	up-	regulated	after	priming	and	challenge	with	Schistosoma 









of	the	three	measured	AMPs	(defensin, attacin and diptericin)	showed	
increased	expression	after	priming	and	challenge	with	Streptococcus 
pneumoniae.	There	was	a	general	 increase	in	Drs and Mtk	gene	ex-
pression	after	infection	with	live	L. lactis,	where	the	degree	to	which	
it	was	up-	regulated	depended	upon	the	fly	genotype.	Interestingly,	
across	genotypes,	Dscam1	 showed	a	 small	but	 significant	 increase	
in	 gene	expression	after	L. lactis	 challenge	 compared	 to	 a	Ringer's	
challenge,	a	result	 that	we	did	not	observe	after	 infecting	D. mela-
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expression	 and	 Providencia rettgeri load in D. melanogaster	 8	hrs	
after	infection.
4.5 | Host genotype determines longer- term 
survival after infection
We	observed	no	effect	of	previous	exposure	on	survival	after	chal-
lenge	with	 either	 bacterial	 species,	which	 suggests	 that	 the	higher	
P. entomophila	load	at	one	DPC	does	not	reflect	either	lower	or	higher	
















4.6 | In surviving flies, L. lactis forms a persistent 
infection but P. entomophila is cleared





Model 6a Ringer’s Model 6b L. lactis Model 6c P. entomophila
df χ2 p df χ2 p df χ2 p
Genotype 1 3.19 0.074 1 8.42 0.0037 1 124.1 <0.0001
Primary 1 0.81 0.67 1 0.059 0.81 1 0.60 0.44
Genotype	×	Primary 1 0.23 0.90 1 0.49 0.48 1 2.48 0.12




treatment	(R	or	L)	on	the	response	variable	Lactococcus lactis load 
28	day	post-challenge	(DPC)	(model	7)
Tested effect F df Resid. df p
Genotype 0.058 1 22.31 0.81
Primary 0.061 1 24.46 0.81
Genotype	×	Primary 3.22 1 23.92 0.085
FIGURE 6 Bacteria	load	one	and	28	day	post-challenge	(DPC).	 
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few	thousand	bacteria	until	at	least	10	days	after	infection,	which	
Duneau	 et	al.	 (2017)	 termed	 the	 set	 point	 bacterial	 load	 (SPBL).	
Our	data	extend	the	estimate	for	the	duration	of	persistent	bacte-
rial	 infections	 to	28	days	 in	D. melanogaster,	 and	we	 suggest	 that	
we	found	evidence	of	a	SPBL,	given	that	the	median	bacterial	load	
at	one	DPC	was	in	the	range	of	that	found	28	days	later.	Previous	













Here	 we	 took	 a	 multi-	faceted	 approach	 to	 understand	 the	 role	
of	 phenotypic	 plasticity	 in	 insect	 immune	 defences,	 specifically	
whether	 fecundity,	 fecundity	 tolerance,	 and	 short-	 and	 longer-	
term	 resistance	 and	 survival	 are	 affected	 by	 previous	 pathogen	
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